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Abstract 
To exploit the advantages of laser technology for micro machining, versatile trepanning systems based on rotating optics 
have been designed and implemented by LMTB. The advanced trepanning systems enable the controlled adjustment of 
beam displacement and inclination during operation to drill through-holes with arbitrary geometry. With a patented 
measuring device, the angular position of the rotating optics is determined online. This paper outlines the development steps 
and advanced performance, accenting laser micro machining of up to 1 mm thick metal. It discusses also the feasibility of 
different tapered through holes with an entrance diameter in the range of 65 to 1000 μm.  
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1.  Motivation / State of the Art 
Laser parameters, such as the combination of wavelength and pulse width (providing for the appropriate optical 
and thermal penetration depths), laser beam alignment, energy distribution, relative movement of the work 
piece and optics, temperature, pressure, and many other factors have to be optimized for the development of a 
laser processing scheme. For the micro-fabrication of through-holes, straightforward laser percussion drilling is 
to be considered [1], however, this method is subject to critical boundaries, when shape and size of the hole 
geometry needs to be engineered. For the realization of precise and reproducible through holes, laser 
trepanning, also known as core-drilling, is in many cases far more appropriate [2-4]. Laser processing with an 
advanced laser trepanning system has another important advantage over percussion drilling: the possibility of 
engineering the taper structure.  
Fig. 1. sketches the different challenges in laser trepanning. The typical outcome in conventional laser drilling, 
i.e. using a scanner optics, is a tapered hole: the entrance hole diameter ø1 is larger than the exit hole diameter 
ø2. However, in many applications a cylindrical (taper less) or even reversed-taper geometry is required. 
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Hence, the entrance hole diameter ø1 is either equal or even smaller than the exit hole diameter ø2, 
respectively. 
 
 
2. Experimental 
The optical concept of the LMTB trepanning system was guided by the following 6 priority constraints: 
1. Arbitrary choice of focusing optics (to optimize the intensity distribution on the work-piece) 
2. Straightforward circular displ  
3. Straightforward introduction of an inclination angle (without the necessity of correction optics) 
4. Variation and monitoring of displacement and/or inclination during processing  
5. Symmetric mass distribution (to enable high rotation speed without strong vibrations) 
6. Compact size and low weight (high degree of integration potential in standard processing units) 
In the trepanning system type 2.1 shown in Fig. 2A, the laser beam displacement and inclination angle is 
adjusted and fixed manually. This device is ideally suited for large scale processing under identical geometric 
preconditions, such as cylindrical through holes with a defined diameter. The trepanning system type 3, 
depicted in Fig. 2B, with the two extra step-motor stages acting on the rotating optical elements, allows for 
variation of displacement and inclination during operation. Integrated in the type 3 system is a module ensuring 
the online measurement and feedback control of the rotating optics. The user can set and hold the position for 
displacement and inclination during operation, strongly simplifying calibration and reproducibility. 
 
Fig. 1: Laser beam inclination leads to different taper geometries in through-hole laser drilling and trepanning. 
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A) Type 2.1: Robust and stable  B) Type 3: Flexible with feedback system for online 
control  
 
 
Standard specifications of a LMTB trepanning system type 3 is the following: 
 Drilling / cutting diameter: 50 to 1500 μm  
 Inclination angle: -5 to +5° (0° = cylindrical, taper-less structure) 
 Rotation speed: up to 20000 r.p.m. 
 Protection optics and processing gas nozzle  
 Weight and size: < 6 kg, 200 x 250 x 120 mm3 
3. Results and Discussion  
Micro drilling applications utilizing the different LMTB trepanning systems are investigated with different 
industrial diode-pumped solid-state laser systems generating either nanosecond, picosecond or even 
femtosecond laser pulses. The tasks involve a free choice of hole diameter and taper.  
One goal of the work conducted at the LMTB laser application laboratory is the fabrication of negative tapered 
through holes, as depicted in Fig. 3A-D. Rotation speed of the trepanning optics was set to 2800 r.p.m. 
Processing was performed with a picosecond laser system (Lumera Super Rapid) generating 7 ps laser pulses at 
a wavelength of 532 nm. The average power was set to about 1.5 W at a repetition rate of 10 kHz, yielding 
single pulse energy equal 150 μJ. The drilling process time is set to 50 sec to ensure maximum precision. A 
quarter-wave plate was adjusted to ensure circular polarization. The diameter of the drilling hole is enlarged 
during the drilling process to decrease the roughness of the drilling hole walls, as seen in Fig. 3C and 3D. The 
very good quality of the negative taper can be seen in the two side view images in Fig. 3D. The quality of the 
170 μm exit holes (Fig. 3A and C) exceeds that of the 120 μm entrance holes (Fig. 3B). One reason is that 
ablated material, moving in direction towards the incoming laser beam, is likely to redepsit on the bore walls. 
This can be supressed by guiding certain noble gases via the nozzle of the trepannning optics into the bore hole 
during laser processing. However, to a certain degree, one will observe a tendency of redeposited layers near 
the entrance hole crater. Another reason for the surface roughness near the entrnce hole are interference effects 
Fig. 2. CAD illustration of completed laser trepanning systems for solving universal drilling problems, 
e.g. control of drilling entrance and exit through hole diameter (i.e. taper angle). 
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(ripple formation can be observed). In addition, surface imperfections (scratches, etc.) prior laser drilling may 
even be one main cause for an inhomogeneous pattern on the entrance drilling site.   
 
A  B  
C  D  
Fig. 3. REM-images of negative tapered through holes, entrance diameter = 120 μm and exit diameter = 170 μm, in a 
500 μm thick stainless steel plate; A: entrance and B: exit side surface, C: slightly slanted view of the through hole at 
the exit side, D: slightly slanted side view of two tapered through holes, entrance on the top   
 
Example of a 4 x 3 matrix of taper-less, sub-100μm through-holes in a 300 μm thick stainless plate is shown in 
Fig. 4. In this case, processing was performed usind a femtosecond laser system (Jenoptik JenLas® D2.fs-
WJD) generating laser pulses of 0.3 ps at a wavelength of 1025 nm. The repetition rate was set to 100 kHz, 
yielding a single pulse energy of ca. 40 μJ. Again, a quarter-wave plate was adjusted to ensure circular 
polarization. The exit holes of a diameter = 85 μm ± 2 μm remain fairly round within a tolerance of 1 to 2 μm, 
demonstrating the machining reproducibility using the steerable trepanning system type 3 with feedback 
system.  
 
Based on the experiences using ultra-short laser pulses for the micro drilling of stainless steel, the femtosecond 
laser pulses seem to further reduce the unwanted side effects of redeposited material on the wall of the laser 
drilled micro through holes. However, the maximum pulse energy of 40 μJ from the implemented femtosecond 
laser system did not allow for completion of cylindrical holes in stainless stell plates thicker than 300 μm. More 
single pulse energy is necessary to utilize the trepanning system type 3 for reproducible and steerable taper 
engineering in micro drilling in thicker foils, e.g. 500 μm thickness. Single pulse energies at high average 
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power are more easily accessable using picosecond laser technology. An objective comparison in micro drilling 
between femto- or picosecond pulses is therefore still difficult. However, there is a clear tendency that 
femtosecond laser systems are being upscaled in pulse energy for industrial proceeing. In any case, the LMTB 
trepanning systems of type 2.1 or type 3 are ready to be utilized for almost any desired pulse width and 
wavelength available from (industrial proven) laser systems. 
 
 
Fig. 4: Microscope images of 12 nearly cylindrical (taper-less) through holes, diameter = 85 μm in a 300 μm thick 
stainless steel plate 
 
4. Conclusion 
Driven by industrial application and innovative fabrication tasks, the non-profit research company LMTB 
GmbH is developing optical components for laser monitoring and processing. The novel trepanning systems 
are closely guided by the following constraints: optimal focusing, straightforward online variation of 
displacement (drilling diameter) and inclination angle (taper structure), symmetric mass distribution (for low-
vibration at high rotation speeds) and limited size, weight and costs. 
 
LMTB trepanning systems of type 2.1 (manual setting) and type 3 (steerable with feedback system) have 
proven applicability and practicability for laser micro machining in their first demonstrator development stage. 
The primary processing results with the novel trepanning systems utilizing nanosecond, picosecond and 
femtosecond laser pulses are very encouraging. Several user system providers have recently implemented 
LMTB trepanning systems to fulfil their own processing requirements. Further studies on different materials 
 D. Jahns et al. /  Physics Procedia  41 ( 2013 )  630 – 635 635
and geometries are conducted at the LMTB laser application laboratory to optimize the laser trepanning system 
for more precise and reliable. 
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